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CROSS-REFERENCE TO RELATED APPLICATION 
This application is a divisional of 
Application Serial No. 10/107,888 filed on March 26, 2002, now pending. 

Background of the Invention 

1 . Field of the Invention. 

[001] The present invention relates to seawater-based delayed cross-linking fracturing fluids 
and methods of using the fluids in fracturing subterranean formations penetrated by well bores. 

2. Description of the Prior Art. 

[002] Oil and gas wells often undergo hydraulic fracturing operations to increase the flow of oil 
and natural gas from subterranean formations. Hydraulic fracturing is accomplished by injecting 
a viscous fracturing fluid through the well bore into a subterranean formation to be fractured and 
applying sufficient fluid pressure on the formation to cause the production of one or more 
fractures therein. In offshore operations, the fracturing fluid can be prepared utilizing seawater 
to hydrate a gelling agent to form a viscous aqueous fluid. To promote adequate viscosity at 
increased well depths, cross-linking agents such as borate ion releasing compounds can be 
incorporated into the fracturing fluids. 

[003] Seawater-based borate cross-linked fracturing fluids perform satisfactorily in low 
temperature fracturing applications, typically about 200°F or less. At these lower temperatures, 
the initial pH required to form a sufficiently cross-linked gel is about 9.5 or less. In general, a 
sufficiently cross-linked gel is defined as having a viscosity of about 200 centipoises or greater at 
40/sec shear rate. In order to form a sufficiently cross-linked gel for use at formation 
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temperatures in excess of 200° F, the initial pH of a borate cross-linked fracturing fluid must be 
greater than about 9.5. Elevation of the fracturing fluid pH to a level in excess of 9.5, however, 
poses several operational problems. For instance, seawater contains multivalent ions such as 
calcium and magnesium ions which form insoluble precipitates at a pH greater than about 9.5. 
The presence of solid precipitates reduces the proppant pack conductivity, and ultimately the 
productivity of the fracturing operation. 

[004] Furthermore, elevating the pH of the fracturing fluid to a pH greater than about 9.5 is 
difficult due to the formation of magnesium hydroxide. Hydroxyl ions needed to elevate the pH 
of the seawater are instead consumed in the formation of magnesium hydroxide. This reaction 
proceeds very slowly causing the pH change to be time-delayed and difficult to adjust. In 
addressing the problems associated with precipitate formation in high-temperature seawater- 
based fracturing fluids, prior art methods suggest the removal of solid precipitates by filtration. 
However, the proper disposal of magnesium hydroxide and other precipitates creates additional 
operational costs as well as environmental challenges. 

[005] In order to conduct fracturing operations at greater well depths, it is desirable to delay 
cross-linking of the fracturing fluid. In particular, a delayed cross-link is advantageous in the 
fracturing of offshore formations where such operations are usually performed at lower injection 
rates because of pumping equipment limitations. Reduced injection rates, typically about 10 
barrels/minute or less, lead to increased pipe times. Pipe time refers to the time required for the 
fracturing fluid to make the transit from surface pumping equipment to the formation to be 
fractured. It is generally desirable to have cross-linking occur near the end of the pipe time as 
the fluid approaches the formation to be fractured. If cross-linking occurs too early, the increase 
in fracturing fluid viscosity will increase friction loss in the well bore and produce high pump 
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pressures. To overcome these problems, the cross-linking of the fracturing fluid is delayed until 
the fluid approaches a location near or within the formation to be fractured. 
[006] For these reasons, there is a need for a seawater-based fracturing fluid that avoids 
precipitate formation and forms delayed cross-links in high temperature fracturing operations. 

Summary of the Invention 
[007] The present invention provides cross-linked fracturing fluids and methods of using the 
fluids to fracture subterranean formations which meet the needs described above and overcome 
the deficiencies of the prior art. The inventive fracturing fluids and methods are particularly 
useful for use in connection with offshore oil and gas wells. For example, the fluids are stable at 
temperatures above 200°F and are fully functional at pH levels below the threshold for 
precipitate formation in seawater, e.g., at a pH of 9.5 or less. Even though the fluids are seawater 
based, cross-linking can be delayed and controlled in order to facilitate injection of the fluid and 
other aspects of the fracturing operation. 

[008] In one embodiment, the inventive composition is a high temperature delayed cross-linked 
fracturing fluid comprising: 

a gelling agent; 

seawater, present in at least an amount sufficient to hydrate the gelling agent, 
thereby forming a gelled aqueous fluid; and 

a cross-linking agent, capable of causing delayed cross-linking of the gelling 
agent at a pH of about 9.5 or less, whereby the delay in cross-linking is about 5 minutes or more. 
[009] In another embodiment, the inventive composition is a high temperature delayed cross- 
linked fracturing fluid comprising: 

a gelling agent; 
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seawater, present in at least an amount sufficient to hydrate said gelling agent, 
thereby forming a gelled aqueous fluid; and 

a cross-linking agent capable of causing delayed cross-linking of the gelling agent 
at a pH of about 9.5 or less, said cross-linking agent being selected from the group consisting of 
ammonium titanyl citrate, ammonium titanyl tartarate, ammonium titanyl gluconate, and 
mixtures thereof. 

[010] In yet another embodiment, the inventive composition is a high temperature delayed 
cross-linked fracturing fluid comprising: 
a gelling agent; and 

seawater, present in at least an amount sufficient to hydrate the gelling agent, 
thereby forming a gelled aqueous fluid; and 

a cross-linking agent capable of causing delayed cross-linking of the gelling agent 
at a pH of about 9.5 or less, said cross-linking agent being ammonium titanyl citrate. 
[Oil] In one embodiment, the inventive method of fracturing a subterranean formation 
penetrated by a well bore and having a temperature above about 200°F basically comprises the 
following steps: 

(a) preparing a seawater-based delayed cross-linked fracturing fluid comprising a 
gelling agent; seawater present in at least an amount sufficient to hydrate the gelling agent, 
thereby forming a gelled aqueous fluid; and a delayed cross-linking agent capable of causing 
delayed cross-linking of the gelling agent at a pH of about 9.5 or less, whereby the delay in the 
cross-linking is about 5 minutes or more; and 

(b) introducing said fracturing fluid into a subterranean formation at a rate and 
pressure whereby fractures are formed in the subterranean formation. 
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[012] In addition to fracturing subterranean formations, the inventive fracturing fluids are 
useful in connection with other operations as well. For example, the fluids can be used in 
combination fracturing/gravel packing operations. 

Description of the Preferred Embodiments 
[013] A primary advantage of the cross-linked fracturing fluids of the instant invention is that 
the fluids can be prepared with seawater pumped from the ocean at the site of the fracturing 
operation, wherever the job happens to be. As a result, the present compositions are inexpensive 
and simple to prepare, using either batch mixing or on-the-fly procedures. 
[014] Another primary advantage is that the inventive cross-linked fracturing fluids are stable at 
temperatures above about 200°F and at a pH of about 9.5 or less. Due to the lower pH, the fluids 
are compatible with enzyme breakers, and calcium and magnesium salts remain in solution. 
Even where the gelling agent has been hydrated with seawater, the fracturing fluid provides a 
delay in cross-linking, conducive to fracturing subterranean formations at greater depths and/or 
with lower injection rates. Thus, the fracturing fluid has an initial viscosity that is high enough 
to transport proppant but is not so high as to make pumping difficult. 

[015] In general, the cross-linked fracturing fluids of the present invention comprise a gelling 
agent; seawater present in at least an amount sufficient to hydrate the gelling agent, thereby 
forming a gelled aqueous fluid; and a cross-linking agent capable of causing delayed cross- 
linking of said gelling agent at a pH of less than the threshold for precipitate formation in 
seawater e.g., at a pH of 9.5 or less. 

[016] Suitable gelling agents include galactomannan gums, modified or derivative galacto- 
mannan gums, and cellulose derivatives. Additional examples of gelling agents which may be 
utilized in the present invention include but are not limited to guar, hydroxypropylguar, carboxy- 
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methylhydroxypropylguar, carboxymethylguar, caboxymethylcellulose, carboxymethylhydroxy- 
ethylcellulose, and mixtures thereof Preferred gelling agents include guar and hydroxypropyl 
guar. Other natural or synthetic polymers which are known in the art but which are not 
specifically mentioned herein can also be utilized. 

[017] The gelling agent is present in the fracturing fluid in an amount in the range of from 
about 15 to about 60 pounds per 1000 gallons of seawater, preferably from about 20 to about 45 
pounds per 1000 gallons of seawater, and most preferably from about 25 to about 35 pounds per 
1000 gallons of seawater. Seawater is present in the fracturing fluid in at least an amount 
sufficient to hydrate the gelling agent. 

[018] The cross-linking agent utilized in the present invention is capable of causing delayed 
cross-linking of the gelling agent for pipe transit times greater than 5 minutes. Thus, the delay in 
cross-linking exhibited by compositions of the present invention is about 5 minutes or more. 
Suitable delayed cross-linking agents include but are not limited to ammonium titanyl citrate, 
ammonium titanyl tartarate, ammonium titanyl gluconate, and mixtures thereof. Of these, 
ammonium titanyl citrate, the coordination compound ammonium dicitratotitanate, is preferred. 
The delayed cross-linking agent utilized is in the form of a concentrate having a concentration 
equivalent to 5.6% Ti02. The delayed cross-linking agent is generally combined with the gelled 
aqueous fluid in an amount sufficient to provide a titanium concentration in the range of from 
about 0.45 to about 1.8 percent by weight of said gelling agent. 

[019] Propping agents may also be added to the fracturing fluids of the instant invention to hold 
the fractures open after the fracturing fluid flows back into the well. In general, proppants must 
have sufficient compressive strength to resist crushing but also must be sufficiently non-abrasive 
and non-angular to preclude cutting and imbedding into the formation. Examples of suitable 
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proppants include but are not limited to sand, graded gravel, glass beads, sintered bauxite, resin 
coated sintered bauxite, resin coated sand, ceramics, and resin coated ceramics. Proppants may 
be present in the inventive composition in an amount in the range of from about 0 to about 25 
pounds per gallon, preferably in an amount in the range of from about 0.5 to about 18 pounds per 
gallon, and most preferably in an amount in the range of from about 0.5 to about 12 pounds per 
gallon. 

[020] The fracturing fluids of the present invention can also comprise a gel breaker which 
"breaks" or diminishes the viscosity of the fracturing fluid so that it is more easily recovered 
from the fracture during clean up. Examples of breakers suitable for use with the inventive 
fracturing fluids include oxidizing agents, enzymes, and acids, with oxidizing agents being the 
most preferred. The gel breaker is generally present in the fracturing fluid in an amount in the 
range of from about 0 to about 20 pounds per 1000 gallons, preferably in the range of from about 
5 to about 15 pounds per 1000 gallons of seawater, and most preferably in the range of from 
about 5 to about 10 pounds per 1000 gallons of seawater. 

[021] A preferred embodiment of the inventive cross-linking fracturing fluid of the invention 
comprises a seawater-based solution of hydroxypropyl guar and ammonium titanyl citrate. 
[022] The fracturing fluid can include a variety of other conventional additives such as gel 
stabilizers, clay stabilizers, bactericides, fluid loss additives and the like which do not adversely 
react with the fracturing fluids or prevent their loss in a desired manner. 

[023] The cross-linked fracturing fluids of the instant invention can be prepared by dissolving a 
gelling agent in seawater to form a gelled aqueous fluid, and then combining with the gelled 
aqueous fluid a delayed cross-linking agent, capable of causing delayed cross-linking of the 
gelling agent at a pH of about 9.5 or less. The gelling agent is added to seawater as either a solid 
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or a liquid gel concentrate in a pre-hydrated or slurried form using conventional mixing and 
pumping equipment. Thereafter, the delayed cross-linking composition is combined with the 
gelled aqueous fluid. As is understood by those skilled in the art, the cross-linker may be 
pumped and metered into the gelled aqueous fluid as the gelled aqueous fluid is pumped into the 
well bore. 

[024] The present invention also provides for a method of fracturing a subterranean formation 
penetrated by a well bore and having a temperature above about 200°F, comprising the steps of 
(a) preparing a delayed cross-linked fracturing fluid comprising a gelling agent, seawater, present 
in an amount sufficient to hydrate said gelling agent, thereby forming a gelled aqueous fluid; and 
a delayed cross-linking agent, capable of causing delayed cross-linking of the gelling agent at a 
pH of 9.5 or less; and (b) introducing the fracturing fluid into a subterranean formation at a rate 
and pressure whereby fractures are formed in the subterranean formation. 
[025] Another method of fracturing subterranean formations with a temperature of more than 
about 200°F comprises the following steps: (a) preparing a delayed cross-linked fracturing fluid 
comprising gelling agent; seawater; and a delayed cross-linking agent, said cross-linking agent 
being selected from the group consisting of ammonium titanyl citrate, ammonium titanyl 
tartarate, ammonium titanyl gluconate, and mixtures thereof; and (b) introducing said fracturing 
fluid into a subterranean formation at a rate and pressure whereby fractures are formed in the 
subterranean formation. The fracturing fluid of the present invention is particularly useful in 
combination fracturing/gravel packing operations. 

[026] In order to further illustrate the compositions and methods of the present invention, the 
following examples are given. 
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Example 1 

[027] A gel comprising 35 ppt hydroxypropyl guar ("HPG") in seawater and cross-linked with 
ammonium titanyl citrate ("ATC") was prepared as Sample 1 and evaluated for use as a 
fracturing fluid at a temperature of about 250°F (121°C). Seawater was added in an amount of 
about 562.5 ml to a blender jar. With moderate agitation, 437.5 ml of an 80 ppt HPG gel 
concentrate with a pH of about 10.5 was added to produce a 35 ppt HPG gel (the "HPG gel"). A 
gel stabilizer, 0.6 grams of sodium thiosulfate, was added to the blender jar. After 2 minutes of 
agitation, the pH of the HPG gel was about 9.25. Since the HPG in the 80 ppt concentrate was 
fully hydrated, additional time for gel hydration was not required. With good agitation, 1.0 ml of 
ATC cross-linking agent solution (5.35 % by weight Ti02) was added to the HPG gel and 
allowed to mix for a time of about 30 seconds. 

[028] A 35 ml aliquot of the cross-linked gel (the "fluid sample") was transferred immediately 
to the Rl rotor cup of a Farm Model 50C viscometer. The rotor cup containing the fluid sample 
was attached to the viscometer equipped with a B5X bob. The fluid sample was pressurized to 
350 psi and immersed in the preheated bath on the viscometer. The rotor cup was set in motion 
at 118 rpm providing a shear rate of 100 sec" 1 on the fluid sample. The viscometer was 
programmed to maintain a constant 100 sec' 1 shear rate on the fluid sample, except when 
performing a shear rate sweep. A shear rate sweep of 100, 75, 50, 25, 50, 75, and 100 sec" 1 was 
programmed to occur every 15 minutes after the fluid sample reached a temperature of about 
250°F. The shear stress at each shear rate was recorded. Power-law indices, n' and K\ were 
calculated from the shear stress versus shear rate values. These indices are defined in the 
American Petroleum Institute's (API) publication RP39, 3 rd Edition, Section 6. The results of 
these calculations and the apparent viscosity of Sample 1 at each shear rate are shown in Table 1. 
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[029] Generally, fluids with a viscosity greater than 200 centipoises at 40 sec' 1 are thought to be 
adequate for fracturing operations. The stability of a fracturing fluid is defined in terms of its 
ability to maintain an adequate viscosity for an extended period of time at a given temperature. 
Referring to Table 1, the data show that the seawater fracturing fluid formulated by cross-linking 
a 35 ppt HPG solution with ATC has a viscosity greater than 300 centipoises at 40 sec" 1 after 2 
hours at a temperature of about 250°F. Thus, the data illustrate that the seawater-based cross- 
linked fracturing fluids of the present invention are stable over prolonged periods of time at 
temperatures exceeding 200°F. 



Table 1 
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Example 2 

[030] The experimental procedure described in Example 1 was used to formulate and evaluate 
comparative samples of seawater-based fracturing fluids prepared with commercially available 
delayed cross-linking additives. Identical test procedures and apparatus were used to provide a 
comparison to the performance of Sample 1. The comparative samples were prepared using the 
same methods and amounts of HPG, seawater, and gel stabilizer as in Sample 1. However, 
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instead of the ATC cross-linking agent of the present invention, Sample 2 comprised a 
commercially available delayed cross-linker containing an organotitanate chelate and a 
polyhydroxyl-containing composition used for fracturing at temperatures above 200°F. The 
cross-linker utilized in Sample 2 is available from Halliburton Energy Services, Inc. under the 
trade designation "CL-18." Sample 3 comprised a borate-mineral slurry used as a delayed cross- 
linker for fracturing at temperatures above 200°F, which is commercially available from 
Halliburton Energy Services, Inc. under the trade designation "CL-28M." Table 2 provides the 
viscosities of Sample 1, Sample 2 and Sample 3 as determined at 40 sec" 1 shear rate over a 2-hour 
period at a temperature of about 250°F. Referring to Table 2, the data illustrate that the ATC 
cross-linked fluid provides superior viscosity and stability in comparison to the fluids cross- 
linked with commercially available delayed cross-linking agents. The data also show that the 
ATC cross-linked fluid of Sample 1 provides a much longer cross-link time than the CL-18 
cross-linked fluid of Sample 2. 



Table 2 
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Example 3 

[031] Samples were prepared and evaluated which demonstrate that the fracturing fluids of the 
present invention exhibit longer cross-linking times than fluids utilizing other commercially 
available cross-linking agents. Sample 4, an ATC cross-linked fluid of the present invention, 
was prepared in accordance with the procedures utilized in preparing Sample 1. Sample 5, a 
comparative sample containing a delayed organotitanate cross-linker that is commercially 
available from Halliburton Energy Services, Inc. under the trade designation "CL-18," was 
prepared in accordance with the procedures utilized to prepare Sample 2. After the addition of 
the respective cross-linkers, Sample 4 and Sample 5 were heated to 100°F in a water bath. 
Progress of the cross-linking reaction was monitored by timing the development of a lipping 
cross-link gel. Lipping behavior was visually observed by tilting the sample cup in a decanting 
motion. The samples were considered to be sufficiently cross-linked when they did not easily 
pour from the cup and exhibited recoil back into the cup after being extended over the edge. 
[032] The cross-link time of Sample 4, the ATC cross-linked fluid, was 10:00 minutes, whereas 
the cross-link time of Sample 5 was 3:11 minutes. The data show that, at well bore temperature 
of about 100°F, the delayed cross-linked fracturing fluid of the present invention exhibits a much 
greater cross-link time than fluids utilizing other commercially available delayed cross-linking 
additives. 

[033] Thus, the present invention is well adapted to carry out the objects and attain the benefits 
and advantages mentioned as well as those that are inherent therein. While numerous changes to 
the compositions and methods can be made by those skilled in the art, such changes are 
encompassed within the spirit of this invention as defined by the appended claims. 
[034] What is claimed is: 
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